This work deals with the investigation of the influence of grinding conditions on the surface quality and accuracy of dimensions when grinding complex shaped surfaces on an ANCA MX7 5-axis tool grinder. The upper part of a knee implant was selected as a representative example of a complex shaped surface. NC programs in NX CAM software with a postprocessor from ANCA were created for this work. The aim of this work was to design and implement an experiment to study the influence of cutting conditions during grinding. To carry out this experiment it was necessary to design the technology for grinding the knee implant, create an NC program for grinding, and construct a clamp for the knee implant.
Introduction
It is necessary to achieve accurate dimensions and high surface quality on components with complex shapes. Therefore attention must be paid to grinding complex shaped surfaces on multi axis-grinding machines. One of these grinders is the ANCA MX7 tool-grinding machine, on which it is possible to grind complex shaped surfaces. Because tool-grinding machines are mainly designed for grinding rotary cutting tools or general rotary components, the use of these grinders has many pitfalls for grinding components which have complex shapes.
One of the problems is creating NC data using CAM software with a special postprocessor. Other issues are designing and creating special clamping fixtures for these complex shaped surfaces, choosing the right grinding strategy, selecting the right cutting conditions, etc.
As already mentioned, accurate dimensions and high surface quality of components with complex shaped surfaces are required. [1] These two conditions are most affected by the selection of the correct grinding conditions. By changing one of these parameters we can achieve different surface quality and different dimensions, because changing the grinding conditions influences both the surface quality and the temperature at the cutting point. These influences are shown in Fig.  1 ., 2., 3., 4. The aim of this work is to investigate the influence of grinding conditions on the surface quality and accuracy of dimensions when grinding complex shaped surfaces on the upper part of a knee implant which is not intended for medical purposes. Surface quality in this work means surface roughness with parameters Ra, Rq and Rz, and accuracy dimensions are derived from the amount of deviation away from the surface of the component. To minimize the errors in the experiment caused by wear of the grinding wheel, the wear of the grinding wheel was measured after each grinding and the diameter correction was entered in the grinder control software. [5] , [6] 
The selected component
The component selected for this experiment was the upper part of a knee implant, shown in Fig. 3 . The semi-finished product for this experiment was printed on a 3D printer using martensitic steel, which is designated by the producer as EOS MaragingSteel MS1 to DIN classification X3NiCoMoTi 18-9-5. This material is used in cutting tools and high performance industrial and engineering parts. It is characterized by a hardness of around 35HRC in its natural state and after age hardening its hardness rises to 50 -56 HRC. [7] [8] Fig. 3 . Knee implant [8] 
Introducing the experiment
As has already been mentioned, the aim of this work is to study the influence of grinding conditions on surface quality and the accuracy of dimensions. We needed to limit the potentially very large scope of the experiment. These limitations were in terms of the equipment and the selected input parameters. The tool grinding machine ANCA MX7 is limited by two things. The first limit is the maximum revolutions on the spindle, which is 10 000 rpm. The second limit of the machine is the spindle clamping system, which only allows the clamping of cylindrical components. The grinding wheel 1FF1 CBN was the next limit, due to its maximum grinding speed of 63 m.s -1 , and its composition, which is marked as B64C75B54. The limits from the input parameters are based on research from other articles that show which grinding parameters most influence the quality and dimensions of the ground surfaces. In order to correctly design the experiment, it is necessary to select those grinding parameters which most influence the evaluated parameters. Three grinding parameters are selected: grinding speed, axial feed and feed rate. Another variable parameter is the tilt of the tool spindle by 30° degrees to test whether tilting has an effect on the parameters being evaluated. The axial feed in this case is set by the maximum scallop height, because CAM software NX only allows set up of this parameter, from which can be calculated the approximate rate of the axial feed. The equation for calculating axial feed from maximum scallop height is
Fig. 4. Diagram of maximum scallop height [9]
The cutting speed is limited by the maximum spindle speed, which is 10 000 rpm, and the maximum cutting speed of the grinding wheel, which is 63 m/s. The value of the feed speed was selected from the lower values, because this is the first grinding of this type on the ANCA MX7 grinder using NX CAM software with the new postprocessor. Parameters for the experiments are given in the following tables. Table 1 shows the values for preparation of the component for the main experiment. The preparation grinding with parameter values HR00 was performed several times until the knee implant surface was ready for the experiment. Values in the last operation in the pre-grinding were the same as the first value in the experiment so as not to affect the experiment. Table 2 shows the values for individual experiments. Parameter "sc" is the maximum scallop height and the next column gives the approximate values of axial feed which are calculated from the formula. 
Preparation of experiment
Before the experiment it is necessary to design the grinding technology so that the experiment is not affected by errors which could affect the results. The following section gives some basic information about the design of the grinding technology, construction of the clamping jig, creation of NC data in the NX CAM software and checking the NC data on the grinder which was generated from the NX software.
Design of the grinding technology
Designing the grinding technology includes the definition of the surface which is to be ground, the grinding strategy, definition of the grinding wheel, and basic kinematics of the grinding machine. This design is very important, because errors may be introduced in to the experiment which affect the evaluated parameters. First of all it is necessary to define which surfaces are to be ground. Fig. 5 . highlights the surfaces to be ground in orange. The second step is to choose a grinding strategy. In this case a "zig-zag" strategy is selected, where the grinding wheel moves backwards and forwards, and moves the axial feed value after each step. A radius-grinding wheel (Fig. 6 ) was selected to grind the surface, which has a basic designation of 1FF1 100 x 6 x 20 with a maximum cutting speed is 63 m/s. The cutting speed is limited by the kinematics of the grinding machine, in particular the maximum revolutions per minute on the spindle of the machine, of 10 000 rpm. The basic kinematics of the ANCA MX7 tool grinder is shown in Fig. 7 . 
The clamp
In order to grind the knee implant, it was necessary to design and manufacture a clamp, as the clamping collet on the machine only allows cylindrical components to be clamped. The clamp (Fig. 8) is divided into three main sections, the clamping part for the collet, the clamping part for the knee-implant and the reference part. There is a flat section on the reference part which is for setting the zero position axis A on the grinder and to ensure the repeatability of clamping in the same position both on the grinder and on the measuring machine. This surface is also parallel to the clamping surface for the knee-implant, which is in the middle part of the clamp. 
Creating NC data in NX software
To carry out the experiment it was necessary to create the NC data in NX software. This software also provides collision checking between the machine, the grinding wheel, the component and the clamp. This collision checking discovered two collisions between the clamp and the spindle. As mentioned earlier, one variable is the tilting of the tool spindle by 30° degrees. This tilt is located in the back half of the knee-implant. Therefore the grinding technology is divided into two parts.
The first part is grinding without tilting the spindle and is located on the front half of the knee-implant (Fig. 9) . The second part, which is located on the back half the knee-implant, is performed with the spindle tilted by 30° degrees (Fig.  10) . This spindle tilt prevents collision between the spindle and the clamp, as shown in Fig. 11 . After creating the grinding technology in NX software, it is necessary to generate the NC data in the special postprocessor which was designed for the ANCA MX7 tool grinder. 
Rating experimental results
As mentioned in the introduction, this work deals with the influence of the cutting conditions on the surface quality and accuracy of dimensions. Parameters of surface roughness Ra, Rq and Rz are selected for evaluation of surface quality. The accuracy of dimensions after grinding were evaluated according to the size of the deviations from the desired dimensions. The size of the wear of the grinding wheel was also monitored, which was subsequently corrected in the control software on the grinder.
Grinding wheel wear
To minimize the errors in the experiment caused by wear of the grinding wheel, the wear of grinding wheel was measured after each grinding, because grinding releases worn abrasive grains from the binder of the grinding wheel. Because a new grinding wheel was used, this wear is considerable at the start, because the abrasive grains are not so tightly bound to the binder in the surface layer. The wear process is shown in Fig. 12 , and on the left the high wear of the grinding wheel can be seen, which was recorded during the roughing process. This wear was corrected using the average correction of the grinding wheel in the control software. In the experiment, the wear was minimal and reached values of 0.01 mm per diameter. The wear of the grinding wheel during the experiment is shown on the right side of the graph. 
Surface roughness
Roughness was measured as it is an excellent indicator of surface quality. The change in the surface roughness is evaluated in relation to the change in the cutting conditions and on the change of the tilt of the spindle. For each experiment at least ten surface roughness measurements were made on eight sections of the component. The average value of the surface roughness for each experiment was calculated from the measured values. These values are compared with each other depending on the input parameters. The greatest influence on the surface roughness was the axial feed value, which is here called the maximum scallop height "sc". The second value which influences the surface roughness is the cutting speed. The third value is the feed rate. These values are shown in Fig. 13 . The tilt of the spindle also influences the surface roughness, but only up to a certain value of maximum scallop height. As shown in Fig. 14 , the difference of values for sc = 0.005 is 0.35 µm, but for sc = 0.001 it is 0.025 µm. 
Accuracy of dimensions
The next parameter which determines the accuracy of the dimensions is the value of the deviation from the desired dimension. This deviation was measured on a coordinate measuring machine using the contact method. After each experiment the component was measured at eight sections and at least ten points were measured in each section. The average value of the deviance in each section is calculated from the measured values. Subsequently, the mean variance for each experiment is calculated from these values. These values are included in the graph, where the average deviance from the desired dimension is 0.0067 mm without tilting the spindle (Fig. 15) and 0.2476 mm with tilting the spindle (Fig.  16 ). Accuracy achieved here does not match the required accuracy, and therefore it was necessary to verify the accuracy of the displacement of the tracks of the experiments which have the same input variables. These are the last preparatory roughing "HR01" and the first experimental grinding "EXP01", because these grindings have the same input variables. From these values were calculated deviation displacements of the tracks of the grinding and these deviations are shown in Fig. 17 , where the average deviation displacement of the track is 0.003 mm without tilting the spindle and 0.011 mm with tilting the spindle. Only the value without tilting can be considered correct. These geometrical inaccuracies may be caused by changes to the grinding wheel profile by wear, or errors in the conversion of 3D correction in the postprocessor. 
Conclusion
The issue of grinding complex shaped surfaces is very complicated and extensive due to the large number of changes that affect the resulting accuracy and surface quality. Therefore, this work demonstrates only parts of this issue, because the main idea of this work is the investigation of the influence of the cutting conditions on the surface quality and the accuracy of dimensions. This investigation proved that the required roughness parameters can be achieved by using the right combination of cutting parameters, axial feed rate and cutting speed. The biggest problem for the accuracy of dimensions is the tilting of the spindle, because the tilting of the spindle changes the cutting point and this change leads to the deterioration of the accuracy of dimensions by uneven wear of the grinding wheel. This problem can been removed by keeping the profile curve of the grinding wheel radius.
Because this is a very extensive issue, it is necessary to focus more on the preparation of the experiments, and above all, on the wear of the grinding wheel, dressing the grinding wheel and the corrections of the tools. Also it is necessary to pay attention to the manufacturing accuracy of the clamp, because inaccuracies from manufacturing the clamp can introduce errors into the experiments.
This experiment provides the basis for future research dealing with grinding complex shaped surfaces. This experiment shows the influence of the grinding conditions on the surface quality and accuracy of dimensions on complex shaped surfaces. From the results, it is evident that it is necessary to focus in the future on the accuracy of dimensions when the spindle is tilted. Therefore further research will be focus on the accuracy of dimensions during grinding with a tilted spindle and during continuous 5-axis grinding. This article also serves as a default article for future research in this field.
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